Background: Poly(amidoamine) (PAMAM) dendrimers are of considerable interest when used as a carrier for topical drugs for the skin, although little is known about their possible side effects. Therefore, our study was about the impact of 2nd and 3rd generation PAMAM dendrimers on human keratinocytes and fibroblasts cells. Methods: The effect of the tested compounds on collagen biosynthesis was determined using 5[ 3 H]-proline incorporation bioassay. Morphological changes accompanying cell growth inhibition were observed using a confocal microscope. To evaluate the percentage of apoptotic/necrotic cells and the cell growth dynamic of apoptotic features, we performed Annexin V/PI double staining assay, assessed caspase activity, and performed cell cycle analysis by flow cytometry. The flow cytometry method was also used to determine the effect of dendrimers on pro-inflammatory cytokines (IL-6, IL-8 IL-1β). Results: The obtained results showed that as the concentration and the generation of dendrimers increased, collagen biosynthesis decreased. We also observed abnormalities in cell differentiation, which may have caused disturbed secretion of pro-inflammatory cytokines. We found that dendrimers cause chronic inflammation which may cause adverse changes in the skin, ultimately-leading to apoptosis in the case of dendrimers in lower concentrations or necrosis at higher concentrations (especially 3rd generation dendrimers). In addition, the inflammatory path induced by the tested compounds was caused by damage in the mitochondria, which we observed as a significant decrease in the mitochondrial membrane potential. Conclusion: The results of our study showed that PAMAM dendrimers can cause disorders of cell proliferation and differentiation and may be the cause of cell cycle deregulation and chronic adverse inflammation.
Introduction
The use of nanotechnology for various therapeutic purposes, such as diagnostics and treatment, is possible due to the design of suitable nanoparticles being molecules whose size does not exceed 100 nm. 1 In medicine, one of the most commonly used groups of nanoparticles as drug carriers are dendrimers. 2 Dendrimers are created by gradually adding polymer layers around the central core, thus creating subsequent generations. A unique feature of these structures is their polyvalence, which is directly related to the occurrence of many different functional groups on their surface. Dendrimers also enable precise control of the size, shape, and distribution of functional groups on the surface of the carrier, which is desirable in drug design. 3 Dendrimers most commonly used in medical applications belong to the group of polyamidoamines (PAMAM). PAMAM dendrimers are called "artificial proteins" due to the similarity of sizes and shapes to proteins and other bioorganic molecules. For example, insulin (≈30Å), cytochrome (≈40Å) and hemoglobin (≈55Å) have a similar shape and size to generations 3, 4, and 5 of PAMAM dendrimers, in which the ammonia molecule is the core of these macromolecules. 4 The chemically compatible, flexible surface of nanoparticles is able to attach to different types of ligands that enable the distribution of the drug in a precisely defined manner. 3 One of the first examples of using dendrimers was as a carrier for cisplatin -such a complex exhibited slower drug release, higher accumulation in tumor tissue, and lower toxicity in comparison with free cisplatin. 5 In combination with dendrimers, methotrexate, 6 doxorubicin 7 or ibuprofen 8 are used in the studies. Numerous studies are underway on the use of PAMAM dendrimers in anticancer therapy. [9] [10] [11] [12] In addition, appropriately modified dendrimers capable of activating each other to form a hydrogel matrix may be used as sealing substances for wound corneas. 13 Moreover, dendrimers can improve the percutaneous availability of drugs. 14 They also block the herpes simplex virus connected to the cells. 15 PAMAM dendrimers are able to improve dermal therapy efficiency due to their capability to enhance drug molecule permeability through the membranes, to improve drug solubility and pharmacological activity. In addition, thanks to the hydrophilic outer shells and the hydrophobic interiors, they can act as effective penetration enhancers. [16] [17] [18] For example, a study using ketoprofen and dilfunisal (in vitro permeation studies on excised rat skins) showed that PAMAM dendrimers significantly enhanced the steadystate flux of both drugs compared with the drug suspensions without PAMAM dendrimers. 19 Similarly, a study using indaminacin and PAMAM dendrimers showed that PAMAM dendrimers significantly improved the degree of drug absorption compared with the drug suspension without PAMAM dendrimers. 20 Dosing the drug to the skin with microparticles and nanocarriers could significantly improve the treatment of many skin diseases. In any case, toxicological and environmental safety of micro-and nanoparticles should be considered with great caution. For this reason, it is important to determine their toxicity on skin-derived keratinocytes and fibroblasts. They are two of the main cell types that react to the inflammatory phase in the skin repair/regeneration process. Inflammatory signals initiate the proliferation and maturation of these two cell types, which is necessary for wound healing. 21, 22 These two cell lineages have been used in well-defined experimental models in several pharmacology studies, which were designed to investigate intracellular signaling pathways and responses to different types of stimulation. 23 The aim of the study was to investigate the influence of 2nd and 3rd generation PAMAM dendrimers on keratinocyte and fibroblast skin cells.
Materials and methods Materials
1.5 mg/mL, 3.0 mg/mL. The cells were incubated for 24 h under standard conditions.
Collagen biosynthesis
The measurement of collagen biosynthesis was made according to the method described by Peterkofsky et al. 24 Keratinocyte and fibroblast cells were used for the study in the state of 70% confluence. Cells with test compounds and addition of 5[ 3 H]-proline (5 μCi/mL) were incubated 24 hrs. The amount of collagen formed is expressed in dpm of 5[ 3 H]-proline embedded in proteins susceptible to bacterial collagenase, per 10 6 cells. The value obtained in the control samples was taken as 100%, while the values from the samples were expressed as a percentage of the control value.
Flow cytometric analysis of inflammatory cytokines
IL-1β, IL-6, IL-8, IL-10, IL-12p70 and TNF were determined using a Cytometric Bead Array (CBA) Human Inflammatory Cytokines Kit (BD Biosciences, San Jose, CA, USA). The tests were performed according to the manufacturer's protocols. From the Human Inflammatory Cytokine Kit, 50 µL of assay beads, 50 µL of the studied sample, or standard and 50 µL of PE-labeled antibodies (Detection Reagent) were added consecutively to each sample tube. The samples were incubated at room temperature in the dark for 3 h. Next, the samples were washed with 1 mL of Wash Buffer, centrifuged and the resulting pellet was re-suspended in 300 µL of Wash Buffer. Samples prepared in this way were analyzed using a BD FACSCanto II flow cytometer and FCAP Array v3 software (both from BD Biosciences Systems, San Jose, CA, USA).
Cell morphological analysis
To visualize the fibroblast and keratinocyte morphological specificity, cells were exposed to 2nd and 3rd generation PAMAM dendrimers. The cells, at a density of 2.5×10 5 , were seeded into six-well plates and incubated with the tested complexes. After 24 h of incubation, the cells were washed with PBS two times. The cells were visualized using a phase contrast microscope (Nikon Eclipse Ti, Japan) at a 100× magnification.
Analysis of mitochondrial membrane potential
Mitochondrial membrane potential changes (ΔMMP) were assessed using the JC-1 MitoScreen Kit (BD Biosciences Systems, San Jose, CA, USA) as described previously. 25 Sample of cells at 10 6 cells/mL was suspended in a buffer mixture and JC-1 dye provided by the kit manufacturer. Then the cells were incubated for 15 mins at 37°C, washed, and re-suspended in buffer. Samples prepared in this way were subjected to cytometric analysis using a cytometer BD FACSCanto II and FACSDiva software (both from BD Biosciences Systems, San Jose, CA, USA).
Flow cytometry assessment of Annexin V binding
Apoptosis studies were performed using the FITC Annexin V Apoptosis Detection Kit II kit (BD Biosciences, USA) using flow cytometry. After 24 hrs of incubation of keratinocyte and fibroblast cells with test compounds, they were washed twice with cold PBS and suspended in buffer (provided by the kit manufacturer) at 1×10 6 cells/mL. Then, 100 μL of the solution was transferred to the tubes and 5 μL of V-FITC Annexin and 5 μL of propidium iodide were added. The contents of the tubes were mixed and incubated in the dark at room temperature for 15 mins. After the required time had elapsed, 400 μL of buffer was added and the test was carried out using BD FACSCanto II flow cytometer (BD Biosciences Systems, San Jose, CA, USA). Results were analyzed with FACSDiva software (BD Biosciences Systems, San Jose, CA, USA).
Caspase-3 enzymatic activity assay
Caspase-3 activity was measured using the FLICA Caspase 3 Assay Kit (ImmunoChemistry Technologies, Bloomington, MN, USA). After 24 hrs of incubation of keratinocytes and fibroblasts with the test compounds, the medium was removed, the cells were washed twice with the cold PBS solution and the buffer (provided by the kit manufacturer) was added. Then 5 μL FLICA reagent and 2 µL of Hoechst 33342 was added to sample of cells (1×10 6 cells/mL) and incubated at 37°C for 30 mins in a dark place. After incubation, the cells were subjected to a 3-fold rinsing procedure using a wash buffer. Cells were suspended in 500 μL of buffer and analyzed using a flow cytometer (BD FACSCanto II flow cytometer) and FACSDiva software (both from BD Biosciences Systems, San Jose, CA, USA).
Caspase-8 enzymatic activity assay
Caspase-8 activity was measured using the FLICA Caspase 8 Assay Kit (ImmunoChemistry Technologies, Bloomington, MN, USA). After 24 hrs of incubation of keratinocytes and fibroblasts with the test compounds, the medium was removed, the cells were washed twice with the cold PBS solution and the buffer (provided by the kit manufacturer) was added. Then 5 μL FLICA reagent and 2 µl of Hoechst 33342 was added to sample of cells (1×10 6 cells/mL) and incubated at 37°C for 30 mins in a dark place. After incubation, the cells were subjected to a 3-fold rinsing procedure using a wash buffer. Cells were suspended in 500 μL of buffer and analyzed using a flow cytometer (BD FACSCanto II flow cytometer) and FACSDiva software (both from BD Biosciences Systems, San Jose, CA, USA).
Cell cycle analysis
The distribution of cell cycle phases was analyzed by flow cytometry. After 24 h of incubation of keratinocyte and fibroblast cells with test compounds, the cells were harvested and then fixed with 1 mL of 70% ethanol and kept overnight at −20°C. Before analysis, the cells were resuspended in PBS, treated with 50 μg/mL of DNase-free RNase A Solution (Promega, Madison, WI, USA) and stained with 100 μg/mL of propidium iodide (PI). The FACSCanto II flow cytometer (BD Biosciences Systems, San Jose, CA, USA) was used to read the fluorescence.
Statistical analysis
All numerical data are presented as mean ± standard deviation (SD) from at least three independent experiments. Statistical analysis was conducted using the Origin 7.5 software (OriginLab, Northampton, MA, USA). Statistical differences in multiple groups were determined by one-way ANOVA followed by Tukey's test. P < 0.05 was considered statistically significant.
Results

Effect of 2nd and 3rd generation PAMAM dendrimers on collagen biosynthesis
One of the characteristic changes accompanying the aging process is the impairment of collagen biosynthesis and its content in tissues. 26 To check whether 2nd and 3rd generation PAMAM dendrimers affect this process, we conducted a study on collagen biosynthesis using 5[ 3 H]-proline incorporation. As shown in Figure 1 , the inhibitory effect was dose dependent; with an increasing concentration of the test compounds there was a significant decrease in collagen biosynthesis. In addition, the inhibition of collagen biosynthesis was dependent on dendrimer generation. A larger decrease in biosynthesis was observed in the case of 3rd generation PAMAM dendrimers. This situation may result from different amounts of −NH 2 groups in both dendrimers. Cheng et al have shown that primary amine groups on the dendrimer surface interact with phospholipids in the cell membrane, followed by disturbance of these amphiphilic molecules and formation of holes in the cell membrane, resulting disrupting the cell structure. 27 The removal of surface amine groups by acetylation or PEGylation can effectively decrease the cytotoxicity of PAMAM dendrimers indicating that surface charge plays an important role in the cytotoxicity of both dendrimers. 28, 29 In addition on the example of many cell lines, it was found that toxicity of dendrimers also depends on their size. 29 Shao et al have proved that, 4th and 5th generation PAMAM dendrimers show much higher cytotoxicity to MCF-7 cells than 3rd generation PAMAM dendrimer at an equivalent concentration of surface charge. 30 In connection with the above, we can state that both the number of −NH 2 groups and the size of the dendrimer is responsible for the decrease in collagen biosynthesis. However, we can't rule out other factors responsible for this process.
Effect of 2nd and 3rd generation PAMAM on cytokine secretion
To evaluate the inflammatory responses elicited by various concentrations of PAMAM dendrimers, we treated cultured keratinocytes and fibroblasts with dendrimers for 24 h and then assessed the secreted levels of representative pro-inflammatory cytokines (IL-1β, IL-6, IL-8, IL-10, IL-12p70 and TNF) using a flow cytometer. The PAMAM dendrimers showed complex activity on cytokine secretion, which depends on the cytokine considered, as well as dendrimer concentration and generation. As shown in Figures 2-4 , the expression levels of IL-1β, IL-6 and IL-8 gradually increased. We clearly noticed that the highest increase in the secretion of the determined cytokines occurred in the case of the highest dendrimer concentrations (3.0 mg/mL). Whereby, the increase was higher in the case of the third generation PANAM dendrimer. Only at the lowest concentration (0.3 mg/mL) in the case of the two tested cell lines, a decrease in IL-6 and IL-8 levels was observed below the control. No rational explanation is available for this phenomenon and additional studies are required to explain this complex effect.
Cytokine values lower than the detection limit (IL-10, IL-12p70 and TNF) were considered as not detectable, and are not shown. It is obvious that the most marked effects were observed on the most expressed cytokines.
Effect of 2nd and 3rd generation PAMAM dendrimers on cell morphology
Confocal microscopy revealed that cells treated with the tested compounds were different in shape, and that their density decreased ( Figure 5 ). Moreover, we observed a decrease in cell adhesion. Cell proliferation inhibition was dose-dependent and the most significant decrease in survival was observed with the 3rd generation PAMAM dendrimers. At high dendrimer concentrations, we observed the disappearance of connections between cells. The cells were shortened and destabilized.
2nd and 3rd generation PAMAM dendrimers decrease mitochondrial membrane potential JC-1 fluorescence dye staining was used to assess mitochondrial membrane potential changes of fraction−treated fibroblasts and keratinocytes. Determination of the ratio of aggregate to monomer (red/green) fluorescence, which corresponded to active mitochondria, showed that after 24 h of treatment with dendrimers we observed a decrease in this ratio compared with the control ( Figure 6 ). This is particularly evident in the case of the 3rd generation dendrimers, where in the case of keratinocytes at 1.5 mg/mL, more than 90% of the cells showed a decrease in this parameter. In the case of fibroblasts, the value of over a 90% decrease in mitochondrial potential was observed only at a concentration of 3.0 mg/mL.
2nd and 3rd generation PAMAM dendrimers induce apoptosis/necrosis
We sought to determine whether the growth inhibitory effect of dendrimers was due to the induction of apoptosis/necrosis. For this purpose, we used flow cytometry and Annexin V-FITC staining. The results of the determination together with percentages are shown in Figure 7 . Treatment of 2nd generation PAMAM dendrimer cells in increasing doses showed an increase in the number of apoptotic cells. We observed this increase mainly in the case of keratinocytes. Fibroblasts were less sensitive to 2nd generation PAMAM dendrimers. However, in the case of the 3rd generation PAMAM dendrimers, with increased dosage, a significant increase in the number of necrotic cells was observed, which may indicate the high toxicity of this nanoparticle.
Activation of caspase-3 and caspase-8
We conducted flow cytometer analysis to determine the effect of the dendrimers on the expression of caspases. Figure 8 shows 24 h treatment of cells with different concentrations of active caspase-3, while Figure 9 of active caspase-8. With the increasing concentrations of dendrimers used for the study, we observed an increase in the amount of active caspase-3 and caspase-8. The increase in active forms of caspases was directly proportional to increasing compound concentrations. However, in the case of keratinocytes, the amount of caspase-3 and caspase-8 released was greater than in the case of fibroblasts. This may indicate a higher sensitivity of keratinocytes to the tested compounds compared with fibroblasts. These results indicated that 2nd and 3rd generation PAMAM dendrimers triggered the caspase cascade and active caspase-3 may cause DNA damage.
Alteration of cell cycle progression by 2nd and 3rd generation PAMAM dendrimers
The cell cycle distribution was determined using flow cytometric analysis with propidium iodide staining. After 24 hr treatment of fibroblasts and keratinocytes with different concentrations of 2nd and 3rd generation PAMAM dendrimers, we observed a decrease in the proportion of cells in the G1 phase, however the number in the S phase increased ( Figure 10 ). The increase in the S phase was directly proportional to the increase in dendrimer concentrations and generation. The biggest difference between the decrease in the number of cells in the G1 phase and their increase in the S phase was observed in the case of the 3rd generation dendrimers at a concentration of 3 mg/mL. 
Discussion
There has been a very large increase in the interest of research teams in dendrimers as carriers of drugs in skin diseases. 31, 32 A good in vitro model for testing skin diseases are keratinocytes and fibroblasts. Keratinocytes occupy an important place in the immune response of the skin by the release of pro-inflammatory chemokines, cytokines, proteases, growth factors, and matrix metalloproteinases. These cells also recruit, stimulate and coordinate the activities of many types of cells involved in healing and recapitulate the epidermal barrier layer of the skin. 20 Fibroblasts are cells necessary for tissue repair. They are one of the first cells that appear in damaged places. They secrete paracrine factors in damaged sites, such as basic fibroblast growth factor (bFGF/FGF-2), 20,33 keratinocyte growth factor (KGF/FGF-7), 34 vascular endothelial growth factor A (VEGF-A) 20 and insulin-like growth factor-1 (IGF-1), 35 which signals neighboring keratinocytes. Furthermore, keratinocytes and fibroblasts communicate with each other via double paracrine signaling loops, known as cross talk or dynamic reciprocity, which coordinates their actions to restore normal tissue homeostasis after wounding. 33 Fibroblasts are responsible for the production and repair of damage in collagen. The test of collagen biosynthesis performed in our paper indicates that under the influence of 2nd and 3rd generation of PAMAM dendrimers, its biosynthesis is impaired in keratinocytes and fibroblasts. The observed decrease of collagen biosynthesis is directly proportional to dendrimer concentration and generation. The higher the concentration and the higher the nanoparticle generation, the greater the decrease. Disturbed biosynthesis of this protein, which increases with the diameter of the nanoparticles, although it may appear to contradict commonly accepted views of increased toxicity with a reduced size of nanoparticles, but can be explained in terms of linear correlation with the number of surface amino groups of PAMAM dendrimers.
Collagen is the main structural component of connective tissue, that maintains the stability of organs and supports their structural integrity. It is synthesized mainly by fibroblasts and the intensity of this biosynthesis can be regulated by various chemical factors. Since in the skin, it is responsible for its elasticity, firmness and flexibility, 36 exposure of the skin to dendrimers may intensify adverse changes in its architecture and be the cause of inflammation. One of the markers of inflammatory changes is cytokines. These soluble mediators are responsible for the inflammatory response by attracting neutrophils. Neutrophils are designed to integrate a network of cellular interactions to maintain immune homeostasis. Thus, they provide a gradual transition to successive phases of wound healing and restoration of tissue homeostasis. 37 At the same time, dysregulated excessive or persistent production of these inflammatory mediators causes a sustained pro-inflammatory state that causes tissue damage. Inflammation is not just a pathological process. This physiological action is primarily a defense mechanism that hinders the spread of tissue infections, because wounds are often contaminated with pathogens. Inflammation becomes harmful when it is not properly terminated and goes into a chronic condition that is accompanied by the permanent production of pro-inflammatory mediators. 38 Inflammatory response induced by nanoparticles may have a toxic mechanism, 39 and in this paper we highlighted the inflammatory mediators (IL-6, IL-8 IL-1β) induced by PAMAM dendrimers. We noticed that the secretion level of all three inflammatory mediators, following the exposure of fibroblasts and keratinocytes to PAMAM dendrimers, is dependent on dendrimer concentration and generation. An increase in IL-1β secretion occurred from the lowest concentration of PAMAM dendrimers used in the study (0.3 mg/mL). In turn, in the case of IL-6 and IL-8, this increase began at a concentration of 1.5 mg/mL. Interestingly, in the case of both of these cytokines at 0.3 mg/mL, we observed a decrease in the interleukin concentration below the control.
It is well known that in the inflammatory process the primary inflammatory cytokine interleukin-1β (IL-1β) induces IL-6 expression. 40 We also observed this trend in our work. IL-1β is the major pro-inflammatory cytokine responsible for mediating several physiological responses, such as fever, activation of lymphocytes, and induction of acute phase protein synthesis. 40 Recent findings suggest that cellular responses to IL-1β are mediated by cascades of intracellular events, including the activation of mitogen-activated protein kinases (MAPKs) involved in the activation of AP-1 and IκB kinases (IKKs) involved in the activation of NF-κB, which ultimately activate IL-6. 41 Catherine M. Cahill showed that there is a cross-talk phenomenon between IL-1β and IL-6, the excessive secretion of which can lead to tumor growth and development. 41 Also, the observed excessive secretion of IL-8 under the influence of PAMAM dendrimers may be a bad prognostic. The excessive secretion of IL-8 may result in fibroplasia, the characteristic feature of psoriasis.
Moreover, it has been proven that excessive secretion IL-6 and IL-8 was found to locally contribute to neoangiogenesis. 42 IL-8 has also been shown to play an important role in tumor growth and metastasis. 43 In response to epidermal injuries or certain pathologic conditions, epidermal keratinocytes not only produce proinflammatory cytokines, but also migrate to sites of injury and enable weakening of intercellular adhesions such as desmosomes. Some preparations cause a disruptor in the metabolism of keratinocytes and their abnormal keratosis, consisting of the separation of individual cells in the spinous layer, with formation of horn seeds and the formation of so-called round cells 44 that we also observed in our study. This may confirm the results of Winnicka's research, in which she observed that the morphological changes of epidermal cells of rats treated with PAMAM dendrimers included cytoplasmic vacuolization of keratinocytes in the basal and spinous layers. 17 The inflammatory pathway induced by PAMAM dendrimers may be one of localizing them in the mitochondria leading to a disruption of the mitochondrial electron transduction chain and additional O 2 production resulting in oxidative stress. 45 The cationic PAMAM dendrimers with mitochondrial markers were observed by other researchers. 46, 47 The explanation of the interaction between cationic dendrimers and lipid bilayers of cells revealed the presence of electrochemical as well as hydrophobic interactions that favor the breakdown of the mitochondrial membrane and disrupt the mechanisms of transport. 48 The formation of pores in the outer mitochondrial membrane promotes the cell's entry into the apoptotic pathway. 49 Lee et al demonstrated in human lung cells (WI-26 VA4) exposed to G4 PAMAM dendrimers co-localized with mitochondria changed the potential of the mitochondrial membrane and released cytochrome c, inducing apoptosis. 50 It should be noted that a strong interaction between cationic dendrimers and lipid bilayers has produced increased pore formation. In contrast to cationic linear polymers contacting only a single bilayer leaflet and do not perforate membranes, relatively rigid dendrimers penetrate the bilayer, because they can achieve a similar level of contact between the charged groups, interacting with both leaflets. 51 Perforation by dendrimer may be one of the mechanisms responsible for mitochondrial damage that we observed in our study as a result of mitochondrial potential reduction.
Additionally, as a result of decreased mitochondrial membrane potential, intermembrane space proteins, such as cytochrome c and Bcl-2 family proteins including Bax and Bak, are released and initiate caspase cleavage and activation. 49 It is clear from the observations in this study that PAMAM dendrimers induced mitochondrial membrane permeability. In addition to the Bcl-2 family proteins, mitochondrial membrane permeability affects other components, including mitochondrial lipids. Pro-apoptotic signals may come from their intermediate metabolites, redox processes, sphingolipids, ion gradients, transcription factors, kinases and phosphatases. 52 It seems that one of these factors may be responsible for permeabilization by dendrimers.
The process of apoptosis is closely related to proteins called caspases. 25 In our study, we observed an increase in the active forms of caspase-3 and −8. Differences in caspase-3 activity are consistent with a trend similar to caspase-8. In both cases, the activity profile and percentage activity compared to the control depend on the generation and concentrations of the dendrimer. To explain the possible pathways of response to apoptosis, it should be noted that apoptosis can be mediated through two major pathways, the death-receptor (extrinsic) pathway and the mitochondrial (intrinsic) pathway. 53 As a result of the initiation, the extrinsic pathway proceeds an activation of caspase-8, whereas the initiation of the intrinsic pathway occurs as a result of the mitochondrial potential reduction. 54 Activation of caspase-8 and −3 occurs almost immediately after permeabilization of the mitochondrial membrane, in the early and late stages of apoptosis. Activation of caspase-8 is involved as a preliminary process for caspase-3 activation through activating pro-caspase-3. 54 Our results suggest that apoptosis of fibroblasts and keratinocytes in the presence of PAMAM dendrimers follows the mitochondrial pathway, with a decrease in mitochondrial membrane potential, as well as the extrinsic pathway with a significant increase in expression and caspase-8.
As assessed by means of a flow cytometer, there was an increase in the number of apoptotic cells in each of the tested concentrations of PAMAM dendrimers. Apoptosis of keratinocytes is an important element in maintaining the normal physiological function of the skin and is associated to the development of various skin diseases. 55 Clinical and histological studies have shown that excessive apoptosis of keratinocytes is a fundamental element in the development of atopic dermatitis, allergic contact dermatitis and eczematous dermatitis. 56 With increasing concentrations, not only was there an increase in the number of apoptotic cells, but at the highest concentration of 3.0 mg/mL of third generation dendrimers a significant increase in the number of necrotic cells was observed. This was particularly noticeable in the case of fibroblasts.
Significantly higher cell death as a result of necrosis after treatment with higher concentrations of third generation dendrimers may suggest a disorganization of cell proliferation. In addition, along with the increase in apoptosis/necrosis of fibroblasts and keratinocytes, we noticed cell cycle abnormalities. The cell cycle was stopped mainly in phase S. The observed phenomenon of S-phase arrest can lead to numerous mutations, and ultimately cell death. 57 Furthermore, abnormal cell proliferation, which results from cell cycle deregulation, might even lead to neoplastic changes.
The results of the experiment obtained by us clearly show that the mechanisms of dendrimer cellular uptake vary considerably with their generation and concentration, although the exact roles of these parametersindividually and collectively remain unclear. Cellular uptake and intracellular transport is known to be dependent on the dendrimer surface charge and the cell type. The intracellular fate of dendrimers depends on the mechanisms of their cellular uptake, where the size of vesicles, the type of proteins involved and the cell type in which they are found can vary considerably. 15 Albertazzi et al studied the impact of dendrimer surface chemistry (cationic, neutral and hydrophobic/lipidated) and size (PAMAM G2, PAMAM G4 and PAMAM G6) on the uptake mechanisms by cervical cancer (HeLa) cells. 58 He showed that the membrane affinity of the dendrimers to depend upon their generation or the amount of positive charges on their periphery (G6>G4>G2). It turned out that their internalization properties correlated with the molecular structure. We observed similar relation in our study. With the increase in concentration and generation of dendrimers, and hence with more cationic groups -NH 2 , we observed an increase in pro-inflammatory activity. Therefore, it can be concluded that the increase in pro-inflammatory activity may be correlated with the amount of -NH 2 groups present in dendrimers. It is also interesting how the uptake of dendrimers by cells occurs. The main mechanism of transporting dendrimers into the cell is endocytosis and subsequent oxidative stress. 59 On the example of dermal cells lines (HaCaT), Mukherjee et al showed that PAMAM dendrimers to localize in mitochondria and produce reactive oxygen species (ROS) resulting in DNA damage and cell death. The cationic PAMAM dendrimers enter the cell through endocytosis and locate in mitochondria. The dendrimers increase the internal pH of the mitochondria because of an acid-base equilibrium reaction between secondary amines and their conjugate base, resulting in the production of ROS. 60, 61 Finally, DNA damage occurs which increases with dendrimer generation, possibly due to the corresponding increase in charge density which promotes dendrimer binding to negatively charged DNA.
Conclusion
As numerous literature data indicate, dendrimers have found application as a drug delivery system in various models with good results. Controlled release of the drug into skin and targeting of hair follicle specific cell populations, transcutaneous vaccination and transdermal gene therapy are among these applications. Our research has shown that PAMAM dendrimers of the second and third generation may be the cause of abnormal cell proliferation, cell cycle disorders, and chronic inflammation in skin-derived human keratinocytes and fibroblasts. Cell proliferation inhibition was dose-dependent and the most significant decrease in survival was observed with the 3rd generation PAMAM dendrimers. Therefore, at the stage of designing nanocarriers based on dendrimers to deliver the drug into the skin, low carrier concentration should be preferred and the use of the 2nd PAMAM should be considered.
